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[1] We use interferometric synthetic aperture radar (InSAR), body wave seismology,
satellite imagery, and ﬁeld observations to constrain the fault parameters of the
Mw 7.1 2011 Van (Eastern Turkey) reverse-slip earthquake, in the Turkish-Iranian
plateau. Distributed slip models from elastic dislocation modeling of the InSAR surface
displacements from ENVISAT and COSMO-SkyMed interferograms indicate up to 9 m
of reverse and oblique slip on a pair of en echelon NW 40°–54° dipping fault planes
which have surface extensions projecting to just 10 km north of the city of Van. The slip
remained buried and is relatively deep, with a centroid depth of 14 km, and the rupture
reaching only within 8–9 km of the surface, consistent with the lack of signiﬁcant ground
rupture. The up-dip extension of this modeled WSW striking fault plane coincides with
ﬁeld observations of weak ground deformation seen on the western of the two fault
segments and has a dip consistent with that seen at the surface in fault gouge exposed in
Quaternary sediments. No signiﬁcant coseismic slip is found in the upper 8 km of the
crust above the main slip patches, except for a small region on the eastern segment
potentially resulting from the Mw 5.9 aftershock on the same day. We perform extensive
resolution tests on the data to conﬁrm the robustness of the observed slip deﬁcit in the
shallow crust. We resolve a steep gradient in displacement at the point where the planes
of the two fault segments ends are inferred to abut at depth, possibly exerting some
structural control on rupture extent.
Citation: Elliott, J. R., A. C. Copley, R. Holley, K. Scharer, and B. Parsons (2013), The 2011 Mw 7.1 Van (Eastern Turkey)
earthquake, J. Geophys. Res. Solid Earth, 118, 1619–1637, doi:10.1002/jgrb.50117.
1. Introduction
[2] On the 23 October 2011 (10:41 UTC, 13:41 local
time), a Mw 7.1 earthquake struck Eastern Turkey (U.S.
Geological Survey National Earthquake Information Center
(USGS NEIC) and Figure 1), just north of the city of Van
(population 370,000), on the eastern edge of Lake Van
(Figure 2). This earthquake resulted in over 600 deaths,
largely in the city of Ercis¸ (Figure 2, population 97,000) on
the northern shore of Lake Van, on the hanging wall of the
fault [Erdik et al., 2012; Daniell et al., 2011]. The largest
aftershock (Mw 5.9, USGS NEIC) occurred just over 10 h
later; although a Mw 5.7 aftershock on 9 November killed
a further 40 people, largely due to additional damage in the
city of Van.
Additional supporting information may be found in the online version
of this article.
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[3] The largest instrumentally recorded earthquake to
have struck the region before was the 1976 Mw7.1 strike-
slip earthquake on the right-lateral Chaldiran Fault, 60 km
north-east of Van (Figure 2), although a M 7 earthquake
also struck north of Ercis¸ in April 1903 [Ambraseys, 2001].
Two signiﬁcant pre-instrumental earthquakes are known to
have affected the immediate region of Van in the last few
centuries, estimated to be in the upper magnitude 6 range
[Ambraseys, 1989]. On 8 March 1715, domes on churches
in both Van and Ercis¸ collapsed in a severe earthquake at
dawn [Ambraseys and Finkel, 1995]. A more destructive
earthquake occurred around 1646–1648 in the region to the
southeast of Lake Van [Albini et al., 2012], seriously dam-
aging the town of Van and resulting in collapse of churches,
mosques, and part of the citadel [Ambraseys and Finkel,
1995].
[4] The Turkish-Iranian Plateau, in which the region
around Van is situated, is the result of the ongoing collision
of Arabia and Eurasia (Figure 1b), with a current overall
north-south convergence rate of 23 mm/yr [Reilinger et al.,
2006]. In the east, the convergence with Iran has created the
Zagros mountains, and to the north the Greater Caucasus
lie between the Black and Caspian Seas, both in zones of
distributed deformation. To the west, more microplate-like
motion of Anatolia occurs along the strike-slip North and
East Anatolian Faults. Plate circuit reconstructions of the
Eurasia-Arabia collision by McQuarrie et al. [2003] sug-
gest the overall convergence rate has been fairly constant
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Figure 1. (a) Seismotectonic map of interaction between the Arabian, Eurasian, and Anatolian plates
centered on Eastern Turkey. Relative plate convergences are marked by white arrows, calculated from
DeMets et al. [2010] and plate boundaries (dark red) are from Bird [2003]. Earthquake focal mechanisms
are from a compilation by Copley and Jackson [2006] (dark grey) and from the GCMT catalogue (light
grey) Mw5.5+ for the period 1976–2010 [Ekström et al., 2005]. The body wave focal mechanism for the
2010 Van earthquake is shown in red. GPS vectors (black arrows) are from a compilation by Reilinger
et al. [2006], relative to a stable Eurasia. Major faults (red lines) for the region of Turkey are from S¸aroglu
et al. [1992], and for Iran from Walker et al. [2009]. TJ denotes the location of the Karliova triple-junction
150 km WNW of Van. (b) Proﬁle running north-south through Van of GPS velocities [Reilinger et al.,
2006] projected onto the proﬁle with a Northern component (red circles) and Eastern component (blue
circles) shown. GPS sites are taken from a swath 75 km wide to the East and 125 km wide to the West
of the line marked X–X0 in Figure 1a. Also shown are maximum (light grey), mean (grey), and minimum
(dark grey) topographic proﬁles for the same swath window.
between 2 and 3 cm/yr for the past 56 Ma, and the direc-
tion of convergence has been northward since 25 Ma (being
north-eastward prior to this).
[5] The change in the rate of convergence in the immedi-
ate region of this part of Eastern Turkey can be seen by tak-
ing a 200 km wide swath proﬁle of GPS velocities [Reilinger
et al., 2006] N through Van. A signiﬁcant decrease in the
northward component of velocity from around 15 to 5 mm/yr
occurs over a distance of 250 km, with the rate of con-
vergence across the Van fault being less than 5 mm/yr
(Figure 1).
[6] At the longitude of the Greater Caucasus, the con-
vergence between Arabia and Asia is accommodated
by sub-parallel right-lateral strike-slip faulting within the
Turkish-Iranian Plateau, and thrust faulting in the Greater
Caucasus [Jackson, 1992]. In addition, a band of thrust fault-
ing extends from the Karliova triple-junction (Figure 1),
where the North and East Anatolian Faults meet, east-
ward into the interior of the Turkish-Iranian Plateau
[Copley and Jackson, 2006]. This band of thrusting has pro-
duced large earthquakes in 1966 (the Varto earthquake)
[Ambraseys and Zátopek, 1968; McKenzie, 1972] and in
1620
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Figure 2. (a) Elevation map of the area around the city of Van with focal mechanisms (black) of the
23 October 2011 event from the USGS and GCMT (offset from actual location by a black line), and the
body wave solution from this study (red). Also included are the body wave and GCMT solutions for
the aftershock 10 h after the mainshock. Grey focal mechanisms are from the compilation by Copley and
Jackson [2006]. The black barbed line indicates the up-dip projection of the single fault segment model
to the surface, and the dashed box represents the surface projection of the outline of the fault that ruptured
at depth. The red line marks the trace of the surface rupture mapped by Akyuz et al. [2011], whilst the
blue line marks their fault trace based upon the geomorphology. Previous fault traces are from S¸aroglu
et al. [1992]. (b) Aftershocks in the 5 days following the mainshock, from the European-Mediterranean
Seismological Centre (EMSC), scaled in size by magnitude and colored by the number of days after
the mainshock. (c) Cross-section through X–X0 shown in Figure 2b of aftershocks with the body wave
solution superimposed on the depth extent of rupture marked by a red line found from modeling the
InSAR observations. The dotted line indicates the up-dip surface projection of the fault plane, which
outcrops less than 10 km from the city of Van.
2000 (thrust faulting beneath Lake Van, 40 km to the
south-west of the event we discuss here [Copley and
Jackson, 2006]).
[7] It is well known that following a large earthquake,
the along-strike unruptured portions of the fault system are
usually brought closer to failure and are more likely to
fail [e.g., King et al., 1994]. The possibility of similar-
sized earthquakes occurring in almost the same epicentral
location relatively soon after the ﬁrst (i.e., before a typi-
cal seismic cycle would be complete) due to segmentation
1621
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of the fault with depth is less well documented. This sce-
nario was shown to be the case for two Mw 6.2 reverse
faulting events which occurred 10 months apart in 2008
and 2009 at almost the same location in the Qaidam basin,
China [Elliott et al., 2011]. Similarities between the Van
earthquake and the deeper reverse faulting Qaidam event
in 2008 that was followed by the up-dip shallow rupture
of the same magnitude the following year raise concern for
future seismic hazard near Van. Amplifying this concern,
the upper and signiﬁcantly wide part of the fault segment
appears to be potentially seismogenic based upon fault scarp
geomorphology and presence of fault gouge at the surface,
assuming that shallow displacement is not accommodated by
stable creep.
2. Fault Geometry
[8] In this study, we principally use SAR data from
COSMO-SkyMed and ENVISAT to form interferograms of
the ground displacement due to the earthquake. From these
measurements, and using constraints from ﬁeld observations
and satellite imagery, we determine the geometry of faulting
and the depth distribution of slip. We perform a body wave
seismological solution to form an independent estimate of
the earthquake mechanism and centroid depth.
2.1. Field Observations and Satellite Imagery
[9] We use WorldView-2 imagery from before the earth-
quake (50 cm resolution), ﬁeld observations, a 30 m ASTER
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Figure 3. (a) The ASTER GDEM (30 m shaded relief) of the epicentral region indicating the fault
scarps and lake terraces in the geomorphology. Red circles denote the locations of small ground ruptures
mapped in the ﬁeld. Black arrows indicate the extent of straight line segments used to approximate the
faults used in the modeling. ASTER GDEM is a product of METI and NASA. (b) World-View 2 imagery
of the pre-earthquake (May 2011) view of the eastern fault segment (standard bands RGB, pan-sharpened
to 50 cm resolution). Arrows indicate the location and strike of the scarp. The surface geomorphology
for this segment is not as clear as for the western segment along which surface cracks were found in the
ﬁeld, but the high topography here suggests a fault trace that is further south at this location. There is
similar topography at the scarp, but shorter, less continuous sections. (c) World-View 2 imagery of the
western fault segment. The surface geomorphology of the fault scarp is more clear on this segment, with
an obvious change in incision moving NW across the fault.
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(a) (b)
Figure 4. (a) View east of repaired tarmac road at fault lineament. Red line connects locality of fault
gouge in road cut (black box) and broken curbs at N38.5826°, E43.300°. (b) Outcrop of fault gouge
dipping 45°–50° to the north, 15 cm pencil for scale. Hanging wall deposits are Pleistocene lake beds.
DEM, and Turkish geologic map to examine the tectonic
geomorphology of the region (Figure 3). (At the time of
writing no suitable post-earthquake high-resolution scenes
existed that were not signiﬁcantly degraded by cloud/snow
cover.) Along the western segment of the fault, the surface
expression of past faulting is manifest as short, anastomos-
ing fault scarp segments, characteristic of splays from imbri-
cate thrust faults. The scarps cut through Plio-Pleistocene
lake terraces which are incised in the uplifted (northern)
block (Figure 3). The range-front fault morphology for the
eastern segment is more complex as bedrock (Cretaceous
ophialitic melange) and possible large landslides, rather than
young terraces, dominate the terrain and make recency of
faulting less clear.
[10] In the ﬁeld, we observed sparse, small magnitude
ground deformation that, in combination with other post-
earthquake reports [Akyuz et al., 2011; Emre et al., 2011;
of Turkey Prime Ministry Disaster and Department, 2012],
maps out a 11.6 km lineament trending 255° from the shore
of Lake Van, at the base of a low range north of Van
(Figure 3). Most of the deformation was seen in brittle,
man-made structures, largely irrigation canals and roads and
indicated up to 10 cm of slip (Figure 4). The sense of slip
was typically compressional, with an 10 : 4 ratio of thrust
to horizontal slip, but varied in magnitude and sense of slip
along strike, in some places reﬂecting tilting and rotation of
the ground surface (for example, tensional cracks at the top
of a scarp produced by rotation of the scarp riser). Akyuz
et al. [2011] observed ground deformation in natural sur-
faces as narrow cracks and mole tracks a few centimeters
high but hundreds of meters long at two locations along the
lineament, but these were erased by rain and snow follow-
ing the earthquake. Where this lineament crossed a 3 m high
road cut, a north dipping, 45°–50° gouge zone sheared Late
Pleistocene lake deposits (Figure 4).
2.2. Teleseismic Body Wave Modeling
[11] We use teleseismic body waveform modeling to
obtain independent estimates of the source parameters and
centroid depth for the Mw 7.1 Van mainshock and Mw 5.9
aftershock. The methodology is well established and we
describe it only brieﬂy in the Supporting Information. The
fault parameters are given in Table 1 and the minimum
misﬁt solutions for P and SH waves are given in Figure 5 for
the mainshock and Figure S1 for the largest aftershock.
[12] The body wave solution for the mainshock is con-
sistent with that from GCMT and the USGS (Figure 2),
indicating slightly oblique ENE-WSW striking, high angle
reverse faulting, with a centroid depth of 20 km, and a
moment magnitude of 7.0. Permitting a tolerance of up
to 15% increase in misﬁt to the waveforms constrains the
centroid depth to the interval 15–22 km (Figure 6). The after-
shock 10 h later has a similar mechanism (Figure S1), but a
shallower centroid at 10 km and a Mw of 5.8, less than 2%
of the mainshock moment (Table 1).
2.3. InSAR-Derived Slip Distribution
[13] We use InSAR phase measurements from a descend-
ing interferogram from the COSMO-SkyMed X-band SAR
and a pair of descending C-band interferograms from the
ENVISAT satellite (Table 2). The methodology used to
generate the interferograms, downsample the interferogram,
data and determine the fault geometry assuming uniform
slip is described by Wright et al. [2004] and Elliott et al.
[2012]. From this result, we subdivide the segments into an
array of subfaults following the method outlined by Funning
et al. [2005] to form a distributed slip model. These meth-
ods are well established and are described in the Supporting
Information. We neglect the contributions of any after-
shocks as they all have magnitudes less than 6 (i.e., seismic
moments 50 times less than the mainshock). The second
COSMO-SkyMed acquisition was just 4 h after the earth-
quakes, so postseismic contributions will be minimized.
[14] The COSMO-SkyMed data cover only the near-ﬁeld
of the earthquake deformation. However, based upon the
closure of the fringes (Figure 7) and comparison to the
ENVISAT displacements, they cover both peaks of max-
imum motion toward and away from the satellite in the
hanging and footwalls of the fault (96 cm and –11 cm,
respectively). This is in addition to giving an almost con-
tinuous and dense coverage across the up-dip projection
of the fault to the surface, where the gradients in phase
are the greatest (as demonstrated by the tight fringes seen
in Figure 7). Conversely, the ENVISAT pair of descend-
ing interferograms cover the far-ﬁeld deformation, but
have poorer coverage of the near-ﬁeld due to poorer
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Figure 5. Van body wave minimum misﬁt solutions from the inversion of P and SH body waves for a
point source in a half-space. Focal mechanisms show P (top) and SH (bottom) nodal planes in a lower
hemisphere projection. Closed and open circles represent the P and T axes, respectively. Waveforms
for each station are plotted around the focal mechanisms in approximate azimuthal locations. Observed
waveforms are solid and synthetic waveforms are dashed, whilst the vertical ticks mark the inversion
window. The station code is to the left of each waveform, in vertical capital letters. The vertical bar and
number beside each focal sphere are the amplitude scale for the plotted seismograms (in m). The STF
is the source-time function, and the scale bar below it is the horizontal scale for the seismograms. The
numbers in the header are strike, dip, rake, centroid depth (km), and moment (Nm) for the best ﬁt solution.
interferometric coverage resulting from large spatial and
temporal baselines (Figure 8).
[15] The smooth, continuous phase gradients and closed
fringes of the InSAR data indicate the source is buried with
little, if any, slip reaching the surface. We initially model
the source as a single rectangular uniform slip patch and
seek to ﬁnd the strike, dip, rake, and location of the fault
that best ﬁts the InSAR data. The inferred fault geometry is
shown in Table 1, and the modeled fault trace and outline
are shown in Figures 2 and 7, with comparison made to the
seismological mechanisms.
[16] From this simple model, we ﬁnd an WSW-striking
23 km long fault-plane solution, dipping to the NNW with
a centroid depth of 14 km and a moment magnitude of 7.1.
The uniform slip value is 3.8 m and remains buried, with an
upper limit of 8 km below the surface. The motion is pre-
dominately reverse, with a small strike-slip component in the
left-lateral sense. The body wave solution (Figure 5) differs
in strike and rake by about 15°–20°, with a 5 km deeper cen-
troid and 30% smaller moment, but similar dip of 50° for
the NNW dipping plane. The misﬁt well for the body wave
solution is shallow in the range 15–20 km for the centroid
depth (Figure 6), and the moment values match more closely
between the InSAR and seismological solution for depths
around 14 km.
[17] The up-dip fault plane location and strike project
to the surface 10 km to the north of Van (Figure 2) and
agree approximately with the general strike of the range-
front scarp visible in satellite imagery. The ﬁeld observations
of ground deformation along the range front have a strike of
255°. The InSAR-derived strike is almost identical (258°),
but extends another 12 km to the east of the surface obser-
vations of faulting, for a total length of 24 km.
[18] Given the spatial similarities between the range-
front morphology and the 4 km southward step in the
COSMO-SkyMed displacement ﬁeld between the western
and eastern halves of the surface trace (Figure 7), we
increase the complexity of the source by modeling the earth-
quake as a rupture on two distinct fault segments. This also
permits the top depths of rupture to vary from the west,
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where the ground cracking was documented, to the east,
where no evidence of surface rupture was evident. We ﬁx
the location and lengths of these two segments to the surface
trace in the case of the western segment, and the fault geo-
morphology for the eastern segment. We then solve for the
fault dip, rake, top, and bottom depths on each segment as
before. Slip on both segments still remains buried beneath
8 km depth (Table 1). The western portion dips more steeply
(54°) to the NNW and is pure reverse, whilst the eastern seg-
ment dips at 40° and has more oblique slip, but both have a
similar magnitude. The centroid locations and moment ten-
sors compared to those from the seismological catalogues
are given in Table 3. Locations differ by about 5 km and the
centroids by 2 km.
[19] We extend the two fault segments along strike and
down-dip to solve for the distribution of slip on the planes
using 1 km long by 1 km wide subfault patches, follow-
ing the procedure outlined in the Supporting Information.
The resulting slip distribution is shown in Figure 9, with the
models and residuals to the three interferograms shown in
Figure 8 (downsampled data, model and residual points are
shown in Figure S3). The slip values and errors are given
in the Supporting Information (Tables S1–S4). The pattern
is dominated by two regions of slip, with peak motion up
to about 9 m on each. The strongest requirement for two
segments is seen in the sharp 4 km right-step in the fringes
of the COSMO-SkyMed data, most obvious at the transi-
tion from the hanging wall to the footwall (Figure 8), which
can only be matched with a pair of faults. High gradients
in slip are found at depths of 9–11 km. The fault rupture
area largely occupies the same lateral and depth extents
as for the uniform slip model. Ninety percent of the total
moment is constrained to the depth range 9–20 km. Some
slip is modeled to occur on the deeper portion of the eastern
fault below 20 km (Figure 10), although the errors indicate
the magnitude of slip in this region is not well constrained.
Short wavelength residuals up to about 7 cm remain in
the COSMO-SkyMed in the hanging wall (Figure 8c), and
longer wavelength residuals remain in the ENVISAT inter-
ferograms associated with orbital and atmospheric errors
(Figures 8f and 8i).
[20] We note that the slip in the model (Figure 9) quickly
tapers off up-dip at about the depth (10 km) at which the
upper corner ends of two fault planes meet (Figure 10) due
to the difference in their dips and relative positions. Very
minor slip is found in the upper 8 km (equivalent to 9–
11 km in down-dip fault width in the models). Predicted
surface offsets from the top 1 km of the fault model indicate
at most 0–20 cm of near-surface slip along the fault trace,
consistent with surface observations. At the eastern end of
the eastern segment, up to 40 cm of slip is modeled, but
this is immediately beneath lake Erçek where no InSAR sur-
face displacements are retrievable and therefore the slip is
unconstrained.
[21] The ﬁt of the model to a proﬁle of the COSMO-
SkyMed data taken perpendicular to the fault is shown in
Figure 8. The minimum elevation proﬁle along this same
proﬁle has a distinctive asymmetric concavity at the inter-
section of the fault trace with the surface just north of Van
(Figure 8). The minimum-elevation proﬁle records the inter-
play between the river downcutting and the fault hanging
wall uplift. The steep and rougher relief front of the ridge
topography on the south side is likely to be due to uplift
along the range-front scarp, while the longer wavelength
concave proﬁle to the north across the drainage divide results
from ﬂuvial incision keeping pace with tectonic uplift. A
Table 2. Details of Interferograms for the Mw 7.1 23 October 2011 Van Earthquakea
Satellite Track Direction Incidence Master Slave T PT B? 2 Distance Data Weight RMS (cm)
# asc/dsc ı yymmdd yymmdd days days m cm2 km pts uniform ﬁx  single plane
Coseismic Acquisitions
CSM dsc 28 111010 111023 13 0 192 0.34 5.1 2010 1 3.0 2.1 2.6
ENV 121 dsc 41 101105 111031 360 8 138 0.12 4.1 2030 1 1.9 1.4 1.4
ENV 394 dsc 41 110722 111119 120 27 221 0.97 6.2 2007 1 2.5 2.3 2.3
Postseismic Acquisitions
CSM dsc 28 111023 111026 3 0 306 0.52 2.6 2216 1 1.1
ENV 394 dsc 41 111119 111219 30 27 71 0.55 5.9
aColumns show COSMO-SkyMed/ENVISAT tracks, satellite directions (all descending), incidence angle (ı) in the center of the scene, dates of SAR
frames, time interval T, postseismic interval PT, and perpendicular baseline B?. The perpendicular baseline is the average of the top and bottom
perpendicular baseline in the interferogram. The variance ( 2) and e-folding length scale (distance) are those calculated from the covariance function of
interferogram noise and are used in the Monte Carlo estimation of fault parameter errors. The number of data points used in the inversion, the relative
weighting for each of the data sets, and the weighted RMS for the uniform slip and distributed slip (ﬁxed rake  and single deep plane) inversions are
also given.
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Figure 7. (a) The COSMO-SkyMed interferogram formed from an acquisition 13 days prior to the
earthquake and one just 4 h after the event. The displacement points in the interferogram have been
interpolated to form a continuous surface for clarity. Colors show range changes as fringes re-wrapped to
6 cm, with the color cycle blue to red indicating increasing motion away from the satellite for the three
satellite tracks. The single fault segment is marked by a solid black line, the pair of segments by white
lines. Satellite track azimuth (Az) and line-of-sight (LOS) with angle of incidence (i) are shown by black
arrows. (b) Unwrapped COSMO-SkyMed interferogram. The peak line-of-sight displacement is 94 cm
toward the satellite and 12 cm away from the satellite.
similar but larger amplitude version of this asymmetric con-
cave proﬁle is seen in the mountains to the south of Van,
possibly indicating a similar fault structure there, which also
has a similar WSW strike in the topography (Figure 2).
3. Slip Depth-Extent Tests
[22] Given that this event is buried and the elastic lid of
the upper crust will act as a ﬁlter on the fault slip relative to
the surface deformation observed, we test the ability of the
InSAR measurements to resolve the depth extent of fault-
ing. A deeper fault source makes it more difﬁcult to resolve
the distribution of slip, resulting in ﬁnite fault area disloca-
tions appearing more like line or point sources [Lohman and
Simons, 2005a; Page et al., 2009]. Consequentially, deeper
sources have a focal plane ambiguity in the geodetic solu-
tion in the same way as do the seismological solutions. It
is important to address these limitations in assessing the
depth extent of faulting and potential future seismic hazard
for Van.
[23] Several approaches exist to assess the resolution
in slip permitted from the use of surface displacements
whereby the density of data sampling and the size of sub-
faults in the model are varied [e.g., Fialko, 2004; Lohman
and Simons, 2005b; Page et al., 2009; Atzori and Antonioli,
2011]. We address the reliability of depth extent of fault-
ing by ﬁrst examining the RMS cost for different a priori
ﬁxed choices of upper top fault depths and assessing the
trade-off with other fault parameters, and second by per-
forming checkerboard tests using known slip distributions,
forward modeling the resulting displacements at the data
sample locations and using this as synthetic input to the
slip inversion. We also examine the postseismic interfero-
grams to see if signiﬁcant early afterslip has occurred on the
shallow portions of the fault.
3.1. Fault Parameter RMS Wells
[24] Our ﬁrst test is to introduce a region of lower slip
magnitude above the deeper high-slip segments for our rect-
angular uniform slip models (whose parameters are kept
ﬁxed to those given in Table 1) to test how much slip could
also have reasonably occurred in the uppermost crust to
the surface. The misﬁt in terms of the root mean square of
the residuals to the InSAR data increases signiﬁcantly once
more than a few tens of centimeters of slip is introduced on
the shallow portion of the fault (Figure 11a).
[25] We also explore the change in the misﬁt to the InSAR
data resulting from ﬁxing the top depth at 1 km intervals for
each segment in turn while holding the other fault param-
eters (apart from slip) ﬁxed to those found in Table 1 for
our uniform slip models. The well-deﬁned minimum mis-
ﬁt is at 9–10 km, with a signiﬁcant increase in RMS seen
as we attempt to force the slip to approach the surface on
either segment (Figure 11). For deeper upper rupture depths,
the RMS misﬁt increases (although not quite as steeply), but
the slip-to-width ratios become physically unrealistic as the
fault plane collapses to a line source.
[26] We also investigate two parameter RMS wells for the
top depth of faulting versus the other eight faulting param-
eters (Figure S4), for each of the pair of segments in turn.
The shape of these misﬁt wells indicates that the upper rup-
ture depth is strongly bounded at 8–10 km and that the upper
depth on either segment does not trade off signiﬁcantly
enough with any of the other fault parameters to permit near
surface slip.
3.2. Checkerboard Tests
[27] Using the fault geometry of the two segments deter-
mined from uniform slip modeling, we forward-model
known checkerboard slip distributions with a range of sub-
fault patch sizes from 2 to 9 km, with alternating slip
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Figure 8. Interferograms, models, and residuals based upon distributed slip modeling for the Van earth-
quake for the three satellite tracks. Colors show range changes as fringes re-wrapped to 10 cm, with color
cycles blue through yellow to red indicating motion away from the satellite. The up-dip projection of the
fault segments are marked by the pair of barbed solid lines (triangles on the hanging wall), the surface
outline of the uniform slip regions by dashed rectangles. The satellite track azimuths (Az) and line-of-
sight directions (LOS) with angle of incidence (i) are indicated by black arrows. Proﬁle X–X0 through the
COSMO-SkyMed data, model, and topography is shown at the bottom. The proﬁle is taken perpendic-
ular to the strike of the fault segments. InSAR displacements are represented by blue dots, the modeled
data projected into the same line-of-sight by red dots, sampled along a 70 km long proﬁle in a 2 km wide
swath. Proﬁles of topography are taken from the SRTM 3 s data along the same sections, sampling 10 km
wide swaths and showing minimum (dark grey), mean (grey), and maximum (light grey) elevations. The
Karasu River cut the broad valley centered below the peak uplift. The line-of-sight displacement axis has
been inverted so negative motion (which is toward the satellite and mainly uplift in this case), is to the
top of the ﬁgure.
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Table 3. Full Moment Tensors from Seismology and InSARa
Source Lon. Lat. Depth Mrr Mtt Mpp Mrt Mrp Mtp M0 DC
° ° km 1019Nm 1019Nm 1019Nm 1019Nm 1019Nm 1019Nm 1019Nm %
InSAR 43.366 38.708 13.7 3.658 –3.619 0.0382 –0.2227 –0.6825 0.5976 4.38 98
GCMT 43.40 38.64 12.0 5.270 –5.860 0.591 2.130 –1.780 –0.612 6.27 100
USGS 43.446 38.710 16 5.89 –6.13 0.24 7.73 1.60 –0.51 9.9 97
aThe six components of the moment tensor (Mrr, Mtt, Mpp, Mrt, Mrp, Mtp), and the total moment M0 are given. The InSAR moment
tensor is calculated from summing the two uniform slip segments in Table 1. We calculate the percentage double-couple component
DC of the InSAR and seismological solutions following a deﬁnition given by Jackson et al. [2002], where a pure double-couple
source (with eigenvalues  of –1, 0, 1) is 100% and a compensated linear vector dipole (e.g.,  = –1/2, –1/2, 1) is 0%. DC =
100*{1 – [(3*|2|)/(|1| + |3|)]}.
values of 0 and 2 m (Figure 12). These forward models
are then masked to the same locations for which we have
coherent unwrapped InSAR data on each of the tracks, but
with no noise added to the synthetics as we are testing the
effect of data sampling only. The modeled displacements
are then downsampled using the same quadtree approach as
described in the Supporting Information, to give the same
input data distribution and number of displacement points.
[28] The results show regions of the distributed slip fault
plane on which the heterogeneity of slip can be resolved,
and to what degree this slip is smoothed vertically and lat-
erally. While this is an artiﬁcial scenario regarding the slip
distribution, it is particularly useful in demonstrating where
large gradients of slip down to zero can be resolved. The
decreased resolution with depth is apparent in all cases, as
the elastic crust ﬁlters the deformation due to slip patches
(Figure 12). Only features of at least 3 km width are resolv-
able at 5 km depth and only 6 km scale features of slip
resolvable down to 10 km. In the depth range 10–20 km,
the limit is 9+ km. However, we can be conﬁdent that the
sharp gradient in slip observed in our model at 10 km depth
(Figure 9) is resolvable as it occurs along a segment greater
than 6 km in size.
3.3. Postseismic Deformation
[29] We have examined COSMO-SkyMed and ENVISAT
postseismic images (Table 2) to address whether signiﬁcant
aftershock deformation or postseismic afterslip has occurred
on the shallow portions of these fault segments. A pair of
6 cm fringes is observed in the COSMO-SkyMed data cov-
ering the period from 4 h to 4 days after the earthquake
over the region of the eastern segment (Figure 13a). Model-
ing this COSMO-SkyMed interferogram for afterslip using
the orientation of two fault segments from the main earth-
quake reveals a signiﬁcant shallow slip patch of about half
a meter, located between 5 and 10 km depth (Figure 13d).
The equivalent moment magnitude is about Mw 5.9, which is
the same magnitude as the largest aftershock which occurred
10 h after the mainshock (Table 2) and is covered by this
postseismic interferogram. Therefore, this small patch of
signiﬁcant slip (up to 70 cm) could be due to seismic slip of
the aftershock on the shallow portion of the fault plane.
[30] A discontinuity in the interferometric phase is also
observed in the COSMO-SkyMed data for the western por-
tion of the fault (Figure 13a). The jump in phase of about
5 cm is located and aligned along the center of this western
fault segment, consistent with minor near-surface afterslip
found in the ﬁeld. There is little afterslip modeled on the
shallow parts of this fault segment (Figure 13d).
[31] We examined a COSMO-SkyMed interferogram cov-
ering the postseismic period from 4 days to 1 month after
the earthquake, but widespread decorrelation due to snow
fall in the area resulted in this interferogram being of lim-
ited use. However, the ENVISAT postseismic interferogram
covering the period from 1 to 2 months after the main earth-
quake (Figure S5) shows no signiﬁcant afterslip on the fault
planes (except directly beneath Lake Erçek where 50 cm of
slip is modeled but is potentially due to noise from the lack
of surface deformation constraint here).
4. Discussion
4.1. Short-Term Uplift
[32] From the distributed slip model, we can calculate the
instantaneous vertical component of surface displacement
due to this earthquake (Figure 14). The region of uplift asso-
ciated with this reverse faulting event is centered on the
area north of the city of Van and shows a slight asymme-
try, with a southern ﬂank that is steeper and narrower than
the northern. This pattern is weakly reﬂected in the topog-
raphy of the mountains north of Van, which show a steep
southern ﬂank and a northern edge that descends more gen-
tly below Lake Van (Figure 8). The long axis of the uplift
pattern is parallel to generalized fold axes mapped by Altinli
[1966] and aligned with a peninsula that protrudes in a
west-south-westerly direction into Lake Van (Figure 14a).
[33] Overall, the pattern from this earthquake is consis-
tent with folding by limb rotation during fault propagation
folding [Mitra, 1990], in which case the small surface dis-
placements mapped in the ﬁeld could be the product of
bending of an axial surface up-dip of the fault, rather than
coseismic slip on the fault plane (sensu stricto). The eastern
half of the western segment is characterized by subdued,
anastomosing lineations that are likely fault scarps. Paleo-
seismic trenching across the fault segments would resolve
how frequently previous earthquakes had larger coseismic
ruptures extending all the way to the surface.
[34] Lacustrine terraces, originally mapped by Schweizer
[1975] and further studied and dated by Kuzucuog˘lu et al.
[2010], reveal a complex lake level history for Lake Van,
modulated largely not only by climate, but also by changes
in sill elevations due to volcanic ﬂows and local changes in
terrace elevations due to tectonic activity. The western fault
mapped in this study is sub-parallel to and crosses a set of
major aggradational terraces (Figure 14c) (elevations 1700
and 1726 m above sea level) that were deposited between
100 and 22 ka [Kuzucuog˘lu et al., 2010]. The continua-
tion of these surfaces around the eastern shore of Lake Van
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InSAR distributed slip model. Locations of small ground ruptures mapped in the ﬁeld are denoted by
red semicircles. There is only decimeter surface slip predicted within the calculated error bounds. The
40 cm surface slip in the east is considered anomalous, as it occurs beneath Lake Erçek where there are
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Figure 10. Perspective view of the earthquake epicen-
ter with the up-dip fault projections marked by black/grey
arrows, just north of the city of Van (top). The dashed boxes
mark the outline of the slip at depth from the uniform slip
model. Distribution of slip based upon the InSAR modeling
(bottom). Signiﬁcant slip (1 m+) occurs over the depth range
10–20 km, with almost none modeled to reach the surface.
The slip on both planes ceases relatively abruptly at 9 km
(dashed line), where the two fault segments cross over at
depth.
(i.e., across the fault) indicates that less than 25 m of uplift
has occurred across this fault zone since the terraces were
deposited, translating into a maximum uplift rates of a few
tenths of millimeters per year.
[35] Although detailed mapping of the terraces across the
range is needed for a robust shortening rate on this fault,
the calculated maximum uplift rates are low, consistent with
ﬁeld observations such as a fault that apparently ruptures to
the surface on different splays over time. Ozkaymak et al.
[2004], for example, report another north dipping fault
exposed in Pleistocene deposits 2 km south of the west-
ern segment reported here that is on strike with the eastern
segment revealed in the InSAR. Low uplift rates are also
supported by the incision of the Karasu River, which has cut
a valley parallel to and at the crest of the maximum uplift
(Figure 8), suggesting that long-term uplift rates have been
matched by Quaternary erosion rates.
[36] Despite the ﬂuctuations in lake level shown by the
terraces, the geomorphology matches the fault location: i.e.,
a steep, rocky coastline is seen in the hanging wall and
drowned valleys in the foot-wall. This suggests that in the
long term, fault movement dominates, or that the lake outlet
height is buffered in some way (e.g., a sill).
4.2. Tectonics of the Turkish-Iranian Plateau
[37] The 2011 Van earthquake raises two interesting ques-
tions concerning the wider tectonics of the region. First, the
event represents thrust-faulting within the high part of the
Turkish-Iranian Plateau. The effects of gravitational poten-
tial energy on mountain building usually results in thrust
faulting being concentrated at low elevations on the perime-
ters of elevated regions, with high mountains experienc-
ing strike-slip or normal faulting [England and Houseman,
1986; Copley et al., 2009; Elliott et al., 2010]. The likely
reason for the thrusting around Lake Van is suggested by the
geometry of the faulting. The 2011 Van earthquake occurred
at the eastern end of a band of thrust faulting extending
from the Karliova Triple Junction (where the North and
East Anatolian Faults meet) to Lake Van [e.g., McKenzie,
1972; Saroglu and Hempton, 1982; Copley and Jackson,
2006]. The north and east Anatolian faults together accom-
modate N-S shortening between Arabia and Asia by the
westward motion of central Anatolia. In a triple junction
conﬁgured in such a manner, a boundary extending eastward
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Figure 11. (a) The RMS misﬁt to the InSAR data for the two fault segments for varying shallow slip
values 0–200 cm. The deep slip on the two fault segments is kept ﬁxed to the best ﬁt solutions shown
in Table 1. (b) RMS well for the InSAR data with varying the top depth of each segment used in the
uniform slip inversions with the slip permitted to vary (black line and dots/squares). All other parameters
were ﬁxed to the best ﬁt solutions shown in Table 1. The RMS minimum is at a top depth of 8–10 km.
Increasing or decreasing the depth of the top extent of faulting increases the RMS signiﬁcantly. The red
line and circles show the slip-to-fault width ratio for each solution. Top depths deeper than 10 km have
unrealistically large slip-to-width ratios as the solution approaches a line source.
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Figure 12. Checkerboard tests for a range of subfault sizes from 2 to 9 km with ﬁxed 2 m slip patches,
generated on the same two-fault segment geometry as that in the earthquake model. The resulting slip dis-
tributions are from inverting the forward models of surface deformation masked to the same coverage of
SAR data and downsampled with same spatial distribution of points as that used for the real deformation
data sets.
from the junction would be expected to be compressional.
It is likely that thrust faulting extending from the triple
junction to Lake Van performs the function of this arm
of the triple junction. The existence of thrusting suggests
that the stresses related to the presence of the triple junc-
tion are larger than those relating to gravitational potential
energy contrasts for a distance of 250 km east of the triple
junction, or that there was existing faulting that was easier
to fail.
[38] A second point of note regarding the 2011 Van earth-
quake is the extent of deepest slip. Our source models show
slip extending to depths of 20 km. The Turkish-Iranian
Plateau is a region of intense volcanic activity [Pearce et al.,
1990], and the long-wavelength positive free-air gravity
anomaly in the region [Lemoine, 1996] suggests this activity
may be related to mantle circulation. The high geothermal
gradients associated with the volcanism therefore imply that
earthquakes are only likely to occur down to depths of less
than 10–15 km, as observed in most other mountain ranges
[Molnar and Lyon-Caen, 1989; Nissen et al., 2011]. One
possibility for the deep extent of slip in the 2011 Van event
lies within the portion of the Arabian Plate that was under-
thrust beneath the southern margin of the Turkish-Iranian
Plateau before shortening jumped north to the Greater
Caucasus at 5 Ma [Avdeev and Niemi, 2011]. Lake Van lies
at the northern edge of the region of efﬁcient Sn propa-
gation mapped by Gök et al. [2003], who suggest that the
lithospheric mantle is hot or absent north of this boundary,
and cooler south of it. If this boundary marks the extent of
northward penetration of Arabia beneath the Turkish-Iranian
Plateau, it is likely that the presence of relatively cool under-
thrust Arabian material would reduce the temperature of the
overlying crust in the Van region and lead to seismicity at
greater depths than is common for the interiors of mountain
ranges (in a manner analogous to where India underthrusts
southern Tibet) [Priestley et al., 2008, T. J. Craig et al.,
Thermal and tectonic consequences of India underthrusting
Tibet, manuscript in review].
4.3. Fault Geometry at Depth
[39] The fault geometry and distribution of slip we ﬁnd
on two diverging fault planes at depth, as illustrated in
Figure 10, are at odds with the classical idea of thrust fault
geometries where fault segments are often thought to sole
out onto a single unique fault at depth [e.g., Suppe, 1983].
We cannot probe the nature and geometry of the deep shear
zone, nor if these diverging fault planes may join in a single
structure below 25 km beneath the region of coseismic slip
as measured by the surface InSAR data. The deepest limit
of coseismic slip at 20–25 km likely indicates the depth of
the brittle-ductile transition zone. However, we can test the
robustness of the diverging fault planes in our best ﬁt model
over the depth extent from 10 km down to 20 km where the
majority of the coseismic slip occurred. Our results clearly
show that slip is required on relatively steeply dipping fault
planes (40°–55°) in the depth range of 10–20 km. The up-dip
projection of these planar segments to the surface coincides
with the ﬁeld fault traces and the dips also match that found
in fault gouge, suggesting these faults are planar throughout
the entire seismogenic depth range of the crust. The surface
traces of the faults indicate that the fault is segmented along
strike with a right step in faulting of about 4 km, which
requires the two fault segments in the upper part of the crust.
[40] However, the deep nature of these slip sources means
the surface displacement ﬁeld is ﬁltered and smoothed
by the upper crust, leaving open the possibility that the
COSMO-SkyMed surface displacements might be explica-
ble in terms of a single fault plane below 9 km, with two
distinct splays connecting to the surface. Therefore, we per-
formed a distributed slip inversion model with two offset
fault planes in the upper crust going down to 9 km, and
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Figure 13. (a) COSMO-SkyMed postseismic interferogram formed from an acquisition 4 h after the
earthquake and 3 days afterward. Black and white triangles delineate the two fault segments. A phase
discontinuity is visible of the western portion, and a bulls-eye two-fringe lobe is visible just north of
the eastern segment. Colors show range changes as fringes re-wrapped to 6 cm, with color cycles blue
to red indicating motion away from the satellite for the three satellite tracks. Satellite track azimuth
(Az) and line-of-sight (LOS) with angle of incidence (i) are shown by white arrows. (b) Model of after-
shock/afterslip distribution. (c) Residuals. (d) Afterslip model from the COSMO-SkyMed postseismic
interferogram, resolved on the fault planes from the main earthquake. The upper limit of rupture in the
main event is delineated by the dashed line.
joining a single fault plane below 9 km (Figure 15d) that has
the average dip and rake of the two upper crust planes. This
is then compared to our original diverging two-plane model
(Figure 15h). Whilst the depth of the slip surfaces means
the models look similar in the hanging wall (Figures 15b
and 15f), the residuals in the InSAR data for the deep
single plane source (Figure 15c) are larger (almost dou-
ble at typically 10–15 cm for the western segment) than
for the diverging slip planes (Figure 15g, 5–10 cm). This
is compared to a peak measured line-of-sight displacement
of 90 cm. The RMS misﬁt between the COSMO-SkyMed
InSAR data and model increases from our best ﬁt solution
of 2.1–2.6 cm for the single deep plane (Table 2). Whilst
the two-planar diverging fault model (Figure 15i) provides
a better ﬁt to the data, we cannot entirely rule out the clas-
sical single plane geometry at depth for this reverse fault
(Figure 15e). However, we note that in both models, two dis-
tinct slip patches are consistently found. This suggests the
along-strike surface segmentation of faulting propagates to
depth, indicating that fault complexity exerts some structural
control on the distribution of slip.
4.4. Implications for Near-Surface Slip and Future
Seismic Hazard
[41] The immediate region around Van is historically
prone to earthquakes [Ambraseys, 1989; Ambraseys and
Finkel, 1995], with large, destructive events having occurred
previously in 1646–1648 and 1715, although the causative
faults were not identiﬁed. The InSAR data presented here
permit us to determine an accurate location and depth extent
of faulting for the 23 October Mw 7.1 earthquake as 8–20 km,
along a pair of fault planes, each 14 km in length. This
leaves an unruptured up-dip fault width of 8–11 km (for seg-
ment dips in the range of 40°–54°). The up-dip projection
of these fault segments to the surface is just 10 km north of
Van. Given that the surface trace of the fault is clearly visi-
ble in the geomorphology of the mountain range to the north
of Van (Figure 3) and that fault gouge was found in Quater-
nary sediments at the surface (Figure 4), it is very likely that
the upper portion of the crust is seismogenic. The change
in Coulomb stress [Lin and Stein, 2004] is predicted to
have brought this upper section of the fault closer to failure
(Figure 16). A rupture along a similar fault length of 30 km
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Figure 14. (a) The SRTM 90 m hill-shaded relief (illumination from the ENE). Lacustrine terraces
are visible in the western shoreline as a series of three visible topographic steps. These terraces die out
southward of the fault, where the shoreline enters a region of likely subsidence on the shores of the city
of Van. (b) Regions of major uplift (red) and minor subsidence (blue) associated with the 23 October
earthquake, based upon the dislocation model determined here from the InSAR observations. Peak uplift
reaches 1.1 m. The maximum subsidence is only 8 cm in comparison. The uplift is located and aligned
with the trend of the peninsula into Lake Van, as well as the trend of mapped anticline/synclines from
[Altinli, 1966] (note some sets of anticlines/synclines running parallel to those shown have been omit-
ted for clarity). The urban area of the city of Van is denoted by the yellow region. (c) Pan-sharpened
(50 cm) WorldView-2 imagery of the shoreline northwest of the Van fault, showing lacustrine deposits
and regressional terraces, with (d and e) enlargements.
across the remaining unruptured fault width of 10 km, with
a similar average slip of 3 m, would yield a scalar moment
of  3  1019 Nm, equivalent to a Mw 6.9 earthquake. The
shallower nature of such a rupture could potentially have a
greater impact on Van.
[42] Vertical separation of slip within the seismogenic
crust and a delay in rupture between two along-dip portions
of a fault are known to have happened recently in the case of
a pair of Mw 6.2 reverse faulting events in the Qaidam basin,
NE Tibet [Elliott et al., 2011]. The ﬁrst earthquake occurred
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Figure 15. Comparison of the ﬁt to the (a) COSMO-SkyMed data of (b and f) two models based upon
the (c and g) residuals from the (d and h) slip distributions on two competing models of fault geometries
at depth: (e) slip on a single fault plane at depth and (i) slip on two diverging fault planes.
in November 2008 with a centroid depth of 18 km. Just 10
months later, another Mw 6.2 event occurred at almost the
same epicentral location, but with a centroid depth of 5 km.
The InSAR data collected for this pair of events showed that
they were nearly co-planar, occurring up and down dip of
each other. The delay was attributed to structural depth seg-
mentation of the seismogenic crust likely resulting from the
intersection of an opposing NE dipping reverse fault plane
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Figure 16. Cross-section of the change in Coulomb stress
with depth (MPa) along a vertical proﬁle perpendicular to
the center of the western Van reverse fault segment (white
line), resolved onto receiver faults with the same orienta-
tion as the causative fault. The dashed line represents the
up-dip projection of the fault to the surface on which no sig-
niﬁcant slip was modeled to have occurred. The dotted line
is the projection of the eastern fault segment onto the cross
section. The stress changes are calculated using the Coulomb
3.1 code developed by the USGS [e.g., Lin and Stein, 2004].
that intersected the break in slip between these two SW
dipping events [Elliott et al., 2011].
[43] We have little information about possible structural
complexities around Van. However, we note that the slip
ceases abruptly at a depth of 9 km at which the closest ends
of the two segments modeled for this event abut (Figure 10).
The resolution tests (Figure 12) indicate we are able to
resolve the relatively sharp boundary in slip at this depth as
the slip occurs over a sufﬁcient length scale (>6 km). Addi-
tionally, two fault slip patches are found. These two patches
reﬂect the propagation to depth of the fault segmentation and
complexity at the surface, exerting a possible structural con-
trol on the distribution of slip, although lithological changes
could also be a reason [e.g., Nissen et al., 2010].
[44] Another illustrative event for comparison is the 1994
Northridge Mw 6.7 reverse faulting earthquake in Southern
California. The slip in this event is constrained by GPS
observations to be largely below 5 km with a centroid of
10 km [Hudnut et al., 1996] and lacks any clear surface trace.
The two main aftershocks (Mw 6.0–6.2) which occurred the
same day were thought to be located on the up-dip terminus
of the mainshock rupture [Dreger, 1997; Massonnet et al.,
1996].
[45] There are also similar potential parallels between
the Van earthquake and with the 1981 Mw 7.1 Sirch earth-
quake on the Gowk Fault in south-eastern Iran, which killed
between 850 and 1500 people. Similar in size to the Van
earthquake, in contrast the 1981 Sirch event did produce a
surface rupture trace, yet only moderate offsets reaching the
surface and a centroid depth of 18 km were found in that
case [Berberian et al., 1984]. Offset measurements were typ-
ically 10 cm, reaching a maximum of 40 cm. However, 17
years later in 1998, the Mw 6.6 Fandoqa earthquake with a
centroid depth of 5 km re-ruptured the southern portion of
the 1981 fault break, this time producing surface offsets of
up to 3 m [Berberian et al., 2001].
5. Conclusion
[46] We ﬁnd that the Van earthquake occurred on a pair
of northward dipping reverse fault planes. Slip remained
buried, with peak slip of about 9 m at 14 km depth and
constrained largely to the depth range 9–20 km. We per-
form resolution tests on the InSAR data and fault model to
determine the level of robustness in the observation of a sig-
niﬁcantly large region of the up-dip portion of the fault that
did not slip in this event. From this analysis, we ﬁnd that
an 11 km wide up-dip region remained unruptured and may
pose a continuing seismic hazard to Van and the surrounding
populace.
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